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Abstract 
High-repetition rate sub-15 fs pulsed near-infrared laser light facilitates production of self-assembled nanostructures on surfaces 
of crystalline silicon and in thin indium tin oxide films. Ripples at a periodicity of 130 - 140 nm as well as random nanopore 
arrangements were induced on Si(100) surfaces by scanning a high-numerical aperture focal spot in water across a predefined 
area. In indium tin oxide films periodic parallel cuts as well as single sub-20 nm cuts were generated at pulse energies less than 
0.3 nJ. Nanowires of 150 - 300 nm in diameter were fabricated by laser annealing and subsequent hydrochloric acid etching. 
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1. Patterning of surfaces and thin films by high-repetition rate sub-15 femtosecond pulsed laser light 
Laser material processing such as cutting, drilling, welding, soldering, or polishing relies typically on high-power 
lasers such as continuous wave CO2 or pulsed Nd:YAG lasers and, hence, on thermal processes which result in large 
melted zones due to massive heat diffusion [1]. In contrast, ultrashort pulsed lasers can produce extremely fine 
structures, as electronic excitation faster than the heat transport by lattice vibrations allows for optimum 
concentration of energy and spatial limitation of ablation. Moreover, nonlinear processes such as multiphoton 
absorption can be triggered by high focal peak intensities. Thus, structures of controlled shape and size can be 
manufactured at sub-wavelength resolution by scanning the focal spot of a high-numerical aperture objective along 
arbitrary pathways. Even finer features of sub-100 nm size can be generated from self-organization processes which 
require intensities near the threshold of material change. Self-assembly of periodic ripples on silicon surfaces has 
been under scrutiny since many decades [2-15], but ripple periodicities of 100 nm or below were investigated 
intensively only in recent years as their generation requires femto- or picosecond pulsed laser light [8-15]. By high-
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resolution laser scanning such self-organized nanostructures can be produced in targeted areas of sub-micron size. 
Here, we study the formation of rifts and ripples on Si(100) surfaces, which were generated at periodicities of 130 - 
140 nm by tightly focusing high-repetition rate 12-fs pulsed Ti:sapphire laser light onto the samples. We also exa-
mine random nanoporous surface structures, which were established at fluences well beyond the ablation threshold.  
Precise ablation as well as modification of indium tin oxide (ITO) by laser illumination is of high importance, as 
ITO is a transparent conductor, which is frequently used as electrode material in electronic displays [16-22]. Using 
sub-15 fs pulsed laser light cuts were generated in thin ITO films ranging in size from a few 100 nm down to less 
than 20 nm. We also produced self-assembled arrangements of periodic parallel cuts. At lowest exposure levels 
traces were scanned in the ITO films which were converted into nanowires of 150 - 300 nm in diameter by 
subsequent etching with hydrochloric acid. Our article demonstrates that sub-15 fs pulsed near-infrared laser light 
facilitates the efficient manufacture of a large variety of sub-micron and even sub-100 nm structures from materials 
of high technological relevance. 
2. Experimental 
Figure 1 presents the setup for nanostructure formation by 12-fs pulsed laser light. Pulses from a FemtoLasers 
Integral Pro 400 mode-locked Ti:Sapphire laser (centre wavelength 800 nm, pulse length10 fs, repetition rate 
85 MHz) are pre-chirped in a pre-compensation unit. The attenuated beam is redirected by a galvanometric scanner 
and expanded by a telescope (JenLab GmbH, Jena, Germany). In the inverted microscope (Zeiss AxioObserver.D1) 
it is focused onto the sample by a Zeiss EC Plan Neofluar 40x, NA 1.3 oil immersion objective mounted on a 
vertical piezoelectric translation stage (piezosystem jena GmbH). 
The inset of Figure 1 illustrates the arrangement of samples on the microscope. Si(100) samples were structured 
with water on the surface in a line scan mode (focal power 24 mW, scan speed 150 μm/s, 20 repetitions/line, scan 
direction: <110>) or an area scan mode (focal power 7.8 - 14.0 mW, area processing speed 0.67 - 230 μm2/s) using 
linearly polarized light of varying direction. Before and after removal of silicon dioxide by hydrofluoric acid etching 
(6% HF in water, duration 3 min) the samples were examined in by scanning electron microscopy (SEM) in an FEI 
Helios NanoLab DualBeam 600 SEM/FIB workstation which also facilitated energy-dispersive X-ray spectroscopy 
(EDX). In addition, slices were cut perpendicular to the Si(100) surface by focused ion beam (FIB) milling and 
analysed by transmission electron microscopy (TEM). 
Polycrystalline ITO films at thicknesses of approximately 150 nm were deposited by reactive direct current 
sputtering (Von Ardenne GmbH, Dresden, type: LS 730 S) at a pressure of 0.003 mbar in an Ar/O2 plasma and 
optimized with respect to their crystallographic structure. X-ray diffractometry analysis showed a strong (222)-peak 
for films sputtered on glass coverslips, which were then mounted onto a special object carrier. Atomic force 
microscopy analysis yielded a surface rms-roughness of 5 nm. The samples were illuminated from the back side 
through the coverslips. Single lines were scanned at a focal power of 13.5 - 25.5 mW varying the direction of 
polarization. Scan times ranged from 12 ms to 3 s. Above-threshold fluences were used for material ablation, 
whereas films were modified at sub-threshold fluences. ITO nanowires evolved from the annealed regions on 
etching the films with hydrochloric acid (37% HCl at 25°C). 
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Figure 1. Setup for nanostructure formation by high-repetition rate sub-15 fs pulsed near-infrared laser light. Pulses are pre-chirped in a precom-
pensation unit, pass an attenuator and are scanned across the sample by a galvanometric scanner. Inset: The laser light is focused onto the sample 
via a high-numerical aperture oil immersion objective. Silicon samples are mounted on an object carrier and exposed with a thin film of water on 
their surface, whereas ITO films are scanned through the coverslips which they were deposited on.      
Figure 2. (a) Laser-induced line structure on Si(100) surface before hydrofluoric acid etching. The line trace is covered by oxide particles; (b) The 
same trace after HF etching reveals rifts at a period of 130 nm. The rifts are perpendicular to the laser polarization; (c) TEM image of a FIB 
section through periodic rifts generated at near-threshold intensity; (d) SEM image of Si(100) surface rift patterns; (e) At slightly more intense 
illumination the rifts widen and expand across an increasingly large surface area.    
Martin Straub et al. / Physics Procedia 12 (2011) 16–23 19
3. Results and discussion 
Line structures as well as planar structures were produced on Si(100) surfaces. As the structures were generated 
with water on the silicon surface, a major fraction of the ablated material was oxidized during ejection from the 
exposed area. Figure 2(a) shows the SEM image of a scanned line trace which is completely covered with small 
particles. EDX measurements suggest that they are mainly formed from silicon dioxide, as the oxygen KD-line 
exceeds the Si-KD emission line in intensity [15]. Figure 2(b) shows the same scanned line trace after removal of the 
oxidized material by hydrofluoric acid etching. The SEM image reveals parallel rifts in the silicon surface along the 
edge of the trace at a period of approximately 130 nm. The rifts are oriented perpendicular to the polarization of the 
infrared laser beam, which was linearly polarized at an angle of 23° with respect to the line direction.  In the central 
area of the trace a random nanoporous surface structure is observed (not fully resolved), which is characteristic for 
surface regions exposed to intensities well beyond the ablation threshold.  
The same features result from area scans. At near-threshold intensities Si(100) surfaces are patterned densely 
with tiny rifts at an average spacing of 130 - 140 nm. While Figure 2(d) presents an SEM top view image, the TEM 
image in Figure 2(c) of a FIB section through such a surface reveals that the rifts are 20 - 50 nm wide and 50 - 70 
nm deep. The bright spots in the SEM image indicate particles which mainly consist of silicon. For slightly higher 
fluences the rifts widen and consume an increasingly large area of the surface. Figure 2(e) displays such a more  
Figure 3. (a) Silicon surface ripples generated at near-threshold intensity (FIB section, TEM transmission image); (b) SEM top view of the 
periodic ripple arrangement. The ripples are perpendicular to the laser polarization; (c) nanoporous silicon surface generated at a focal intensity 
well beyond the ablation threshold (FIB section, TEM transmission image); (d) SEM top view of the nanoporous surface structure.
advanced stage in the self-assembly of a periodic surface structure. In some areas rifts are broad and already start to 
turn into a nanoporous arrangement, whereas other parts of the silicon surface are still unchanged. Figure 3(b) shows 
periodic ripples on the Si(100) surface, which were generated on further increase of the fluence. Under these 
conditions rifts widened to an extent that ripple patterns cover the entire surface.  The TEM image of a FIB section 
through this sample [Figure 3(a)] demonstrates that the ripples are 20 - 40 nm in width and approximately 70 nm in 
height. The average spacing between the ripples is 140 nm. In agreement with the orientation of rifts ripples are 
oriented perpendicular to the polarization. On increase of the fluence to values well beyond the ablation threshold 
ripple patterns disappear, and a random nanoporous structural arrangement is established. Figure 3(d) shows an 
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example of such a surface structure. Structural elements typically have a width of 20 nm or beyond and are 
elongated in the direction of polarization. We call this structure nanoporous, as structural elements are arranged on 
the surface in a way that tiny pores of less than 20 nm in diameter are generated between as well as underneath 
them. The transmission electron image of the FIB section through such a surface is shown in Figure 3(c). The TEM 
image unambiguously demonstrates the existence of sub-20 nm pores at the surface. However, the exact size, their 
length, as well as the direction of the pores are largely uncontrolled.
Indium tin oxide films were structured from the back side of the glass substrate throughout the whole layer. At 
intensities well beyond the ablation threshold straight cuts of a size of 250 - 500 nm were generated dependent on 
the scan speed. Figure 4(a) shows an SEM image of a cut which was produced in a single-line scan at an average 
focal power of 24 mW and a scan speed of 200 μm/s. The width of the ablated line trace is modulated at a period of 
approximately 215 nm. Some debris appears on the surface due to processing under atmospheric pressure, which can 
be removed in a subsequent cleaning step. Figure 4(b) plots the dependence of the average width of cuts on the scan 
time required to generate a cut of 35 μm in length with the laser polarization perpendicular to the scan direction 
(focal power 24 mW). At near-threshold intensities much finer cuts were generated periodically at an orientation 
close to the polarization direction. Figure 4(c) shows an example of such a self-assembled array of cuts, which was 
produced by single-line scans in two orthogonal scan directions. The cuts feature an average structural periodicity of 
70 nm with their width ranging down to below 20 nm. They overlap perfectly at the crossing of scanned lines. 
               
Figure 4. (a) SEM image of a cut in an ITO film on glass. The polarization was perpendicular to the scan direction; (b) Width of cuts generated at 
an average focal power of 24 mW as a function of the scan time (polarization perpendicular to scan direction). (c) SEM image of periodic cuts 
obtained by two orthogonal line scans with polarization nearly parallel (vertical line) and perpendicular (horizontal line) to the scan direction, 
inset: periodic cuts in ITO-film as seen in TEM image of FIB section perpendicular to the scan direction; (d) SEM image of a single cut of sub-
20 nm width generated at an intensity of 19.5 mW.  
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SEM analysis of focused ion beam sections through some cuts revealed vertical walls across the entire layer 
down to the substrate [inset of Figure 4(c)]. A single-cut regime is observed for slightly less intense illumination. 
Under these conditions single cuts of an average width of less than 20 nm can be produced. Figure 4(d) shows an 
example of such a cut, which was generated at an average focal power of 19.5 mW applying a scan speed of 
290 mm/s.  
On reduction of the intensity below the ablation threshold the exposed areas of the polycrystalline ITO films are 
transformed into a different phase which is more resistive against etching in hydrochloric acid. This modified region 
appears in SEM images as a contrast (not shown). The SEM micrograph of Figure 5(a) shows a section of a line 
trace generated at an intensity of 17 mW and a scan speed of 47 μm/s, which emerges as a 300 nm wide nanowire 
after etching in hydrochloric acid. The width of the nanowires can be minimized down to the grain size of ITO. 
Figure 5(b) shows the SEM image of four traces of about 150 nm in width, which were produced at a higher scan 
speed of 350 μm/s with the polarization close to the scan direction. In Figure 5(c) the magnified section of the third 
trace demonstrates that the narrowest nanowires consist of a chain of ITO grains. It was verified by energy 
dispersive X-ray spectroscopy analysis (not shown) that the film composition remains unchanged by the laser 
illumination. Further studies are required to investigate the electrical and mechanical properties of the ITO 
nanowires. 
Figure 5. (a) SEM image of a 300 nm wide nanowire generated at 17 mW focal power (scan speed 47 μm/s) and subsequent etching in HCl; (b) 
Sequence of traces illuminated at lower fluences followed by a short etch; (c) SEM image of a 150-nm nanowire consisting of a chain of ITO 
grains recorded at higher magnification [see black arrow in panel (b)]. Nanowires were produced with the polarization close to the scan direction. 
Self-assembly of nanostructures by high-intensity laser light is generally described as a process in which laser-
induced changes of material properties modify the effective intensity distribution, which then induces further 
material change. The generation of a laser plasma is a complex process which has been the subject of intense 
research during the past decades [23]. Laser ablation frequently involves avalanche ionization, as electrons in the 
conduction bands are accelerated by the electrical field of the laser light and collide with valence band electrons. 
Thereby, plasma of increasing density is generated which absorbs the laser pulses completely within an extremely 
small volume, as the plasma frequency approaches the laser frequency. The plasma density and dynamics result in 
the observed ablation patterns. Charge carriers that seed the avalanche ionization can be generated in silicon by 
single-photon absorption due to its band gap of 1.1 eV, whereas in ITO the high dopant electron density can be 
exploited possibly assisted by multiphoton excitation of carriers from the valence band.
Our results demonstrate that sub-15 fs pulses facilitate material ablation from silicon surfaces and ITO films at 
extremely low average intensities due to optimum confinement of excitation. Sub-100 nm and even sub-20 nm 
structural features were readily generated. We point out that cuts of a width of the order of 10 nm by far exceed the 
precision which is currently achieved both in mechanical and conventional laser material processing. The potential 
to generate extremely fine cuts is also of utmost importance for applications in biology and medicine such as laser 
transfection of cells and nanosurgery [24-27].  Conducting nanowires may find applications in microelectronics, 
sensor technology, and microoptics as well as microoptoelectromechanical systems. Periodically nanostructured and 
nanoporous surfaces with unusual optical, mechanical, and electronic properties may enable biomedical applications 
such as novel cell substrates as well as technical applications. In conclusion, sub-15 fs pulsed high-repetition rate 
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near-infrared laser light appears to be a highly useful processing tool, which promises the efficient manufacture of 
surface features of the order of 100 nm or below in a wide variety of materials.   
Acknowledgements 
The authors would like to thank Christoph Pauly (Saarland University, Department of Functional Materials / 
Material Science) for recording SEM images, Jörg Schmauch (Department of Technical Physics) for recording TEM 
images, as well as Karin Jacobs (Department of Soft Condensed Matter Physics), Henning Völlm (Department of 
Micromechanics, Microfluidics, and Microactuators) and Günter Marchand (Saarland University, Microtechnology 
Transfer Centre) for their assistance. 
This work was supported by the German Science Foundation (DFG) within the project “Generation of sub-
100 nm structures by sub-15 femtosecond laser microscopy”, which is part of the Priority Programme 1327 
“Optically induced sub-100 nm structures for biomedical and technical applications”.  
References 
[1] Bäuerle, D.: Laser Processing and Chemistry. Springer, Berlin, 2000. 
[2] Birnbaum, M.: Semiconductor surface damage produced by ruby lasers. J. Appl. Phys. 36 (1965), 3688 - 3689. 
[3] Fauchet, P. M.; Siegman, A. E.: Surface ripples on silicon and gallium arsenide under picosecond laser illumination. Appl. Phys. Lett. 40 
(1982), 824 - 826. 
[4] McCulloch, D. J.; Brotherton, S. D.: Surface roughness effects in laser crystallized polycrystalline silicon. Appl. Phys. Lett. 66 (1995), 2060 
- 2062. 
[5] Singh, A. P.; Kapoor, A.; Tripathi, K. N.; Kumar, G. R.: Laser damage studies of silicon surfaces using ultra-short laser pulses. Opt. Laser 
Technol. 34 (2002), 37 - 43. 
[6] Tan, B.; Venkatakrishnan, K.: A femtosecond laser-induced periodical surface structure on crystalline silicon. J. Micromech. Microeng. 16 
(2006), 1080 - 1085. 
[7] Guillermin, M.; Garrelie, F.; Sanner, N.; Audouard, E.; Soder, H.: Single- and multi-pulse formation of surface structures under static 
femtosecond irradiation. Appl. Surf. Sci. 253 (2007), 8075 - 8079. 
[8] Jost, D.; Lüthy, W.; Weber, H. P.; Salathé, R. P.: Laser pulse width dependent surface ripples on silicon. Appl. Phys. Lett. 49 (1986), 625 - 
627. 
[9] Costache, F.; Kouteva-Arguitova, S.; Reif, J.: Sub-damage-threshold laser ablation from crystalline silicon: surface nanostructures and phase 
transformation. Appl. Phys. A 79 (2004), 1429-1432. 
[10] Daminelli, G.; Krüger, J.; Kautek, W.: Femtosecond laser interaction with silicon under water confinement. Thin Solid Films 467 (2004), 
334 - 341.  
[11] Le Harzic, R.; Schuck, H.; Sauer, D.; Anhut, T.; Riemann, R.; König, K.: Sub-100 nm structuring of silicon by ultrashort laser pulses. Opt. 
Express 13 (2005), 6651 - 6656. 
[12] Wagner, R.; Gottmann, J.; Horn, A.; Kreutz, E. W.: Subwavelength ripple formation induced by tightly focused femtosecond laser 
irradiation. Appl. Surf. Sci. 253 (2006), 8576 - 8579. 
[13] König, K.;  Bauerfeld, F.; Sauer, D.; Schuck H.; Uchugonova, A.; Lei, E. et al.: Femtosecond laser nanomachining of silicon wafers and 
two-photon nanolithography for stem cell research. In: S. Kawata, H. Masuhara and F. Tokunaga (eds.): Handai Nanophotonics: Nano
Biophotonics: Science and Technology. Volume 3. First edition. Elsevier, 2007, pp. 287-296. ISBN-13: 978-0-444-52878-0 
[14] Schade, M.; Varlamova, O.; Reif, J.; Blumtritt, H.; Erfurth, W.; Leipner, H. S.: High-resolution investigations of ripple structures formed by 
femtosecond laser irradiation of silicon. Anal. Bioanal. Chem. 396 (2010), 1905 - 1911.  
[15] Straub, M.; König, K.: Nanostructure formation on silicon surfaces by high repetition-rate sub-15 femtosecond near-infrared laser pulses. 
Proc. SPIE Vol. 7920 (2011), in press. 
[16] Takai, M.; Bollmann, D.; Haberger, K.: Maskless patterning of indium tin oxide layer for flat panel displays by diode-pumped Nd:YLF laser 
irradiation. Appl. Phys. Lett. 64 (1994), 2650 - 2562. 
[17] Yavas, O.; Takai, M.: High-speed maskless laser patterning of indium tin oxide thin films. Appl. Phys. Lett. 73 (1998), 2558 - 2560. 
[18] Hosono, H.; Kurita, M.; Kawazoe, H.: Excimer laser crystallization of amorphous indium-tin oxide thin films and application to fabrication 
of Bragg gratings. Thin Solid Films 351 (1999), 137 - 140.  
[19] Tanaka, R.; Takaoka, T.; Mizukami, H.; Arai, T.; Iwai, Y.: Laser etching of indium tin oxide thin films by ultra-short pulsed laser. Proc. 
SPIE 5063 (2003), 370 - 373. 
[20] Park, M.; Chon, B. H.; Kim, H. S.; Jeoung, S. C.; Kim, D.; Lee J.-I.; Chu, H. Y.; Kim, H. R.: Ultrafast ablation of indium tin oxide thin films 
for organic light-emitting diode application. Opt. Lasers Eng. 44 (2006), 138 - 146. 
[21] Chen, M.-F.; Chen, Y.-P.; Hsiao, W.-T.; Gu, Z.-P.: Laser direct write patterning of indium tin oxide films. Thin Solid Films 515 (2007), 
8515 - 8518.  
Martin Straub et al. / Physics Procedia 12 (2011) 16–23 23
[22] Afshar, M.; Saremi, S.; Völlm, H.; Feili, D.; Seidel, H.; Straub, M; Zhang, H.; König, K.:  Multiphoton lithography and ITO structuring by 
high repetition-rate sub-15 femtosecond laser pulses. Proc. SPIE Vol. 7920 (2011), in press. 
[23] Mulser, P.; Bauer, D.: High Power Laser-Matter Interaction. Springer, Berlin, Heidelberg, 2010, and references therein. 
[24] Tirlapur, U. K.; König, K.: Targeted transfection by femtosecond laser. Nature 418 (2002), 290 - 291. 
[25] Uchugonova, A.; König, K.; Bückle, R.; Isemann, A.; Tempea, G.: Targeted transfection of stem cells with sub-20 femtosecond laser pulses. 
Opt Express  16 (2008), 9357 - 9364. 
[26] König, K.: Femtosecond Laser Nanoprocessing. In: P. So and B.R. Masters (eds.): Handbook of Biological Nonlinear Optical Microscopy. 
Oxford University Press, 2008, pp. 689-706. ISBN 987-0-19-516260-8 
[27] König, K.; Riemann, I.; Fischer, P; Halbhuber, K. J.: Intracellular nanosurgery with near infrared femtosecond laser pulses. Cell. Mol. Biol.  
45 (1999), 195-201. 
